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C.J. (1996). Science 272, 1182±1187. onstrated that this LTP-inducing protocol produced a
Feller, M.B., Butts, D.A., Aaron, H.L., Rokhsar, D.S., and Shatz, C.J. supralinear calcium signal. The full physiological signifi-
(1997). Neuron 19, 293±306. cance of a supralinear calcium signal has not, however,
Lichtman, J.W., Burden, S.J., Culican, S.M., and Wong, R.O.L. (1998). been definitively established. This would require one to
In Fundamental Neuroscience, M.J. Zigmond, F.E. Bloom, S.C. Lan- show that a block of the supralinear component of the
dis, J.L. Roberts, and L.R. Squire, L.R., eds. (San Diego: Academic calcium response also blocked the induction of LTP.Press), pp. 547±580.
Given the possibility that supralinear calcium signals
Miller, K.D. (1996). Neuron 17, 371±374.
are physiologically significant, it becomes important to
O'Donovan, M.J. (1999). Curr. Opin. Neurobiol. 9, 94±104.
understand their mechanistic basis. One possibility is
Penn, A.A., Riquelme, P.A., Feller, M.B., and Shatz, C.J. (1998). that the backpropagating action potential transiently re-Science 279, 2108±2112.
moves the magnesium block of the NMDA receptors,
Sernagor, E., and Grzywacz, N.M. (1996). Curr. Biol. 6, 1503±1508.
thereby augmenting the calcium signal (Koester and
Sernagor, E., and Grzywacz, N.M. (1999). J. Neurosci. 19, 3874±3887.
Sakmann, 1998). Whether such a mechanism would ade-
Stellwagen, D., Shatz, C.J., and Feller, M.B. (1999). Neuron 24, this quately explain the supralinearity of the calcium signalissue, 673±685.
is, however, hard to judge in the absence of data detail-
Weliky, M., and Katz, L.C. (1997). Nature 386, 680±685.
ing the extent to which either the synaptic input or an
Wong, R.O.L. (1999). Annu. Rev. Neurosci. 22, 29±47.
action potential depolarizes the spine head. A second
Wong, W.T., and Wong, R.O.L. (2000). Curr. Opin. Neurobiol., in possibility was suggested by Schiller et al. (1998) on thepress.
basis of experiments in which they photolysed caged
glutamate to produce a controlled level of postsynaptic
activation, while simultaneously imaging the resulting
calcium transient in dendritic spines. This approach re-
duces the concern that pharmacological manipulations
Calcium on the Up: may also impact on the presynaptic neuron and allowed
Schiller et al. (1998) to explore explicitly the role playedSupralinear Calcium Signaling
by voltage-sensitive calcium channels. The experimentsin Central Neurons reveal that nonlinear activation of voltage-sensitive cal-
cium channels augments the synaptic signal when
paired with an action potential and that the level of
The pioneering experiments of the remarkable Russian augmentation is adequate to explain the calcium supra-
behaviorist Ivan Pavlov firmly seeded the idea that asso- linearity. This approach does, however, have some limi-
ciative interactions are a crucial element in the formation tations. For example, the authors take great care to
of new memories. The precise neural basis for Pavlov's produce an electrical response following photolysis that
mirrors a synaptically evoked excitatory postsynapticobservations are still, to this day, a matter of conjecture,
but there is a keen recognition that the neural substrate potential (EPSP); however, in reality synaptically evoked
responses are likely to arise from the sum of severalof memory formation must involve some form of coinci-
dence detection. That the NMDA receptor, which re- afferent inputs that are distributed at many sites across
the postsynaptic cell. By contrast, photolysis yields anquires both glutamate binding and membrane depolar-
ization to allow calcium influx, is capable of coincidence EPSP that arises within the restricted volume of the
photolysed compound; such restricted release may welldetection is not in doubt. Recently, however, a number
of studies have raised the possibility that other elements produce a local depolarization that is considerably
greater than that produced by any single synaptic event.of a neuron's intracellular machinery may also provide
a mechanism for coincidence detection. There is, however, a third way in which supralinear
calcium signals might be achieved. This involves theThe first hint of a new coincidence detection mecha-
nism in neurons came from Yuste and Denk (1995), in release of calcium from intracellular stores. The release
of calcium from intracellular stores of central neuronsa paper that introduced the use of two-photon micros-
copy as a method for imaging calcium transients in den- was first shown by Alford et al. (1993). Korkotian and
Segal (1998) subsequently demonstrated that dendriticdritic spines of hippocampal pyramidal cells. Yuste and
Denk were able to image a rise in intracellular calcium spines contained functional calcium stores, and Emp-
tage et al. (1999) showed that activation of these storeswithin spines in response to synaptic stimulation but,
intriguingly, found that the pairing of an action potential could be achieved by single synaptic stimuli. Nakamura
et al. (1999 [this issue of Neuron]) specifically addresswith synaptic stimulation resulted in a supralinear cal-
cium accumulation within the spine. In this context, su- the question of whether calcium release from stores,
when paired with backpropagating action potentials,pralinearity is defined as a calcium transient with a mag-
nitude greater than the sum of its component parts; that participates in the generation of supralinear calcium sig-
nals. To do so, they used a cooled CCD system tois to say, it is larger than the computed sum of the
calcium influx arising from both the action potential and achieve high-speed fluorescent images of hippocampal
pyramidal cells loaded with one of two calcium-sensitivesynaptic activation. The functional importance of this
observation became apparent from papers published dyes, bis-fura-2 or furaptra. They specifically concen-
trated their investigation on the contribution of thesubsequently by Markram et al. (1997) and Magee and
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reported by Takechi et al. (1998) in cerebellar Purkinje
neurons; however, here the calcium rise was restricted
to spines and fine dendrites and did not produce a wave.
Nakamura and colleagues then extended their basic ob-
servation by exploring the consequence of combining
weaker synaptic stimuli, which are less effective in pro-
ducing a calcium transient, with a short train of action
potentials. Under these conditions, the calcium transient
produced was large, robust, and supralinear.
Pharmacological experiments were conducted in or-
der to explore the basis of this calcium response. First,
Nakamura et al. (1999) implicated intracellular calcium
stores by demonstrating that cyclopiazonic acid, an in-
hibitor of the endoplasmic reticulum calcium ATPase,
blocked synaptically evoked calcium release. Second,
they demonstrated that heparin, an IP3 receptor antago-
nist, prevented calcium release. The requirement for IP3
generation is consistent with their earlier observation
that MCPG blocks the calcium response, as this antago-
nist blocks mGluR1 receptors, a class known to stimu-
late IP3 production. Finally, they suggest that the calcium
response becomes supralinear because the calcium en-
try that accompanies an action potential acts synergisti-
cally with IP3 at the IP3 receptor. An indication that
cooperativity may be taking place comes from experi-
ments where the calcium available for interaction with
the IP3 receptor is enhanced. Whereas all of the initial
experiments were conducted with the high-affinity cal-
cium indicator bis-fura-2, a second series of experi-
ments were conducted using the low-affinity indicator
furaptra. In these experiments, the extent to which the
dye chelates the cytosolic calcium is reduced, thereby
increasing the level of calcium available for intracellular
calcium-dependent interactions. Under these condi-
tions, pairing synaptic activity with single action poten-
tials was able to produce significant calcium release.
This result is consistent with the idea that intracellular
calcium concentrations are required to pass a threshold
level in order to participate in the release process. Thus,
Nakamura et al. (1999) conclude that supralinear calcium
signals arise as a result of the synergistic interaction of
Model of How Intracellular Calcium Stores Generate a Supralinear
calcium and IP3 at the IP3 receptor.Calcium Signal
The full functional significance of these observations(Top) Under conditions of ionotropic receptor block, a synaptic train
is not yet clear, although a requirement for both intracel-generates IP3 via the activation of metabotropic glutamate receptors
lular stores and backpropagating action potentials in(mGluRs), producing a modest increase in the level of cytosolic
calcium. some forms of LTP and long-term depression (LTD)
(Middle) Backpropagating action potential depolarizes the cell mem- make them obvious candidates for further investigation.
brane, thereby facilitating calcium entry via voltage-sensitive cal- The observation that the supralinear calcium rise can
cium channels (VSCCs). spread to the soma raises the possibility that supralinear
(Bottom) The coincidence of a backpropagating action potential
calcium increases are a prerequisite for calcium-depen-and a train of synaptic activity generates both IP3 and calcium that
dent gene activation (Bito et al., 1997; Berridge, 1999).interact in a cooperative way with the IP3 receptor, producing a
One context where such expression is known to besupralinear release of calcium from the intracellular calcium stores.
important is in the long-term maintenance of LTP, so-
called late LTP. The results of Nakamura et al. (1999)
metabotropic receptor (mGluR) ±coupled stores and so raise an interesting question: can late LTP be induced
executed their experiments in the presence of ionotropic in the presence of mGluR antagonists?
receptor antagonists. Under these conditions, repetitive
synaptic stimulation often produced a small, rapid cal- Nigel J. Emptage
cium transient that spread as a wave over a region of Division of Neurophysiology
the dendrite. Confirmation that the calcium rise resulted National Institute for Medical Research
from mGluR activation was achieved by abolishing the The Ridgeway
transients with the mGluR antagonist (R,S)-a-methyl- Mill Hill
4-carboxyphenylglycine (MCPG). Synaptically induced London NW7 1AA
United Kingdomcalcium rises following mGluR activation have also been
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